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models used to account for the blood supply to the vascular territories in arterial networks are
computed by solving a system of non-linear equations using a Broyden method. This strategy is
employed to compute the terminal parameters in the vascular territories of an anatomically detailed
model of the arm comprising 67 arterial segments and 16 vascular territories. A comparison with a
simple analytical approach, in terms of vascular territory resistances, average blood ﬂows and time-
dependent hemodynamic quantities, is performed. Also, a sensitivity analysis is presented to assess the
performance of this new approach in normal and abnormal cardiovascular scenarios. This identiﬁcation
procedure allows to correctly set up hemodynamics simulations in highly detailed arterial networks
making possible to gain insight in the aspects related to the blood circulation in arterial vessels.
& 2012 Elsevier Ltd. Open access under the Elsevier OA license.1. Introduction
One-dimensional (1D) modeling of tubular networks is a
common approach towards performing computationally cheap
yet valuable numerical simulations of the hemodynamics in
arterial vessels (Alastruey et al., 2011, 2007; Avolio, 1980;
Formaggia et al., 2003; Leguy et al., 2011; Olufsen, 1999;
Olufsen et al., 2000; Reymond et al., 2009; Schaaf and Abbrecht,
1972; Stergiopulos et al., 1992; Stettler et al., 1981). Besides the
1D governing equations for the blood ﬂow in arteries and usually
a given inﬂow datum, outﬂow boundary conditions have to be
considered to close the problem. This is achieved by introducing
terminal models which take into account the remaining part of
the vasculature which is not present in the 1D network of arterial
segments (Alastruey et al., 2008; Grinberg and Karniadakis, 2008;
Olufsen, 1999; Reymond et al., 2009; Schaaf and Abbrecht, 1972;
Stergiopulos et al., 1992; Stettler et al., 1981). The remaining
vasculature is responsible for supplying blood to the vascular
territories, i.e., portions of tissue composed by muscles, fat and
skin. The blood reaches each vascular territory through the so-
called perforator arteries (Taylor, 2003), which are secondary
vessels that arise from the main source arteries in order tolsevier OA license. 
e Computac- ~ao Cientı´ﬁca, Av.
lis, Brazil.
eijo´o).nourish such territories. Hence, noting that the main pressure
drop occurs at the arteriole-capillary level, it is concluded that the
blood ﬂow distribution in normal at-rest condition is mainly
governed by the structure (size) of these vascular territories
(Chen et al., 2009; Mahabir et al., 2001).
Setting 1D models involves two sets of data: (i) geometrical
and mechanical parameters for each arterial segment and
(ii) parameters that characterize the terminal elements. Terminal
parameters are employed to regulate the blood ﬂow distribution
and the pressure level in the model and, when necessary, to
include additional compliance to the arterial network.
In simple models, blood ﬂow distribution can be obtained from
measurements. Nevertheless, when thinking of complex networks
with several vascular territories, experimental assessment
becomes unfeasible. An alternative is a semi-automatic determi-
nation of these ﬂow rate fractions following studies that have
shown a relation between vascular resistance and geometrical
dimensions of these vascular territories (Chen et al., 2009;
Cormack and Lamberty, 1986; Mahabir et al., 2001).
Setting outﬂow boundary conditions in truncated arterial
networks has been addressed using different approaches. In
Schaaf and Abbrecht (1972), Stergiopulos et al. (1992), Stettler
et al. (1981) terminal resistances are determined to meet a certain
blood ﬂow distribution. This is suited when there is physiological
knowledge about the main blood supply to the peripheral regions,
and is the most common approach used in the literature. Another
approach relies on bifurcation laws (Murray, 1926; Uylings,
1977). In this case, the ﬂow distribution is ruled by the arterial
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their use is limited by the validity of these hypotheses. For
instance, in Olufsen (1999) a semi-analytical approach is used
to construct terminal impedances in a recursive manner with the
aim of reproducing physiological conditions, while in Schreiner
and Buxbaum (1993) these laws are explicitly employed to set up
the automatic generation of vascular trees. Using a different
strategy, in Grinberg and Karniadakis (2008) the outﬂow condi-
tions are considered using time-dependent resistances. Time-
dependent ﬂow measurements are used to estimate these resis-
tances. This approach is more suited when the tree is truncated at
large arteries as in Grinberg and Karniadakis (2008), for which a
few time-dependent measures can be carried out.
Here we consider the 1D modeling of a highly detailed arterial
network of the arm comprising 67 arteries (Watanabe et al., 2012)
with 16 vascular territories (Chen et al., 2009). We cannot use
bifurcation laws because we just consider the main perforator
arteries supplying blood to each vascular territory. Neither it is
possible to perform ﬂowmeasurements at all terminal sites in our
model. In our case, the blood ﬂow to each vascular territory is
given following a certain criterion based on physiological argu-
ments. Hence, the problem consists in ﬁnding the vascular
territory resistances such that the 1D model characterized by
the inter-connected arterial segments and the terminal elements
renders a desired ﬂow distribution.
In this work we formulate a system of non-linear equations
relating the given data (desired blood ﬂow distribution) to the
ﬂow rate computed through numerical simulations. This system
of equations is solved in an iterative fashion, and when conver-
gence is achieved the values of the identiﬁed resistances are such
that the ﬂow distribution is the expected one. Comparisons of this
novel parameter identiﬁcation problem (PIP solution, see Section
3.1) with a simpliﬁed analytical approach (SAA solution, see Section
3.2) is presented. The SAA approach consists in the use of the
strategy proposed in Schaaf and Abbrecht (1972), Stergiopulos
et al. (1992), and Stettler et al. (1981), and can be used whenever
the network of vessels introduces a negligible drop pressure due
to viscous effects. In turn, the proposed PIP should be used
whenever the viscous dissipation in the arterial segments pro-
duces a substantial drop in the pressure, such as in the model
employed in the present study.
The identiﬁcation problem allows to employ physiologically
based hypotheses to establish the correct blood ﬂow distribution
in a certain arterial network. In this sense, more accurate results
can be retrieved from simulations in order to test hypotheses as
well as to gain insight about the phenomenological aspects of the
systemic circulation. Examples of potential applications range
from tissue perfusion studies to surgical planning. An instance is
the radial harvesting procedure. In this procedure the radial artery
is removed to perform coronary vascularization (Lee et al., 2004).
It is of the utmost importance to quantify the collateralization of
blood ﬂow through the ulnar artery and into the arteries of the
hand to assess the outcome of the procedure in terms of necrosis
and neurologic complications due to deﬁcient blood supply to the
vascular territories in the hand (Denton et al., 2001; Haerle et al.,
2004). As well, the present approach can be used to estimate
peripheral resistances in other altered cardiovascular scenarios
such as tissue electrostimulation or tissue thermostimulation, or
when considering auto-regulation mechanisms.
The novel approach developed in this work is general, and
could be extended to be applied to the identiﬁcation of vascular
territory resistances in highly detailed arterial topologies of the
rest of the cardiovascular human system.
Section 2 quickly presents the modeling techniques and the
setting of the arterial network considered in the present work, on
top of which our strategy is to be applied. In Section 3 thealgorithm used to identify the vascular territory resistances is
presented, and in Section 4 the identiﬁcation procedure is
veriﬁed, and comparisons with a simple reference case are
performed. Also in that section a complementary sensitivity study
is presented to show the applicability of the strategy to other
cardiovascular scenarios. Finally, Section 5 provides the conclud-
ing remarks.2. Blood ﬂow model and arterial topology
In this section we summarize the mathematical tools to model
the 1D blood ﬂow in distensible vessels as well as the setting of
the arterial topology used in the present work. The interested
reader is referred to Watanabe et al. (2012) for a detailed account
of these topics.
2.1. One-dimensional ﬂuid ﬂow model
The 1D governing equations for blood ﬂow in deformable
vessels involve the ﬂow rate Q, the vessel lumen area A and the
blood pressure p as follows (Hughes and Lubliner, 1973;
Stergiopulos et al., 1992):
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where r and m are blood density and viscosity, respectively, index
o indicates a reference value, E is the effective elastic coefﬁcient,
r is the lumen radius and h the arterial wall thickness.
At bifurcations, where NT arterial segments converge, the
interface are
XNT
i ¼ 1
Qi ¼ 0, ð4Þ
pi ¼ p1 2, . . . ,NT : ð5Þ
The discretization of these equations is accomplished through a
second-order ﬁnite difference in time and an implicit ﬁrst-order
ﬁnite element method for the equations written along the
characteristics (Urquiza et al., 2006; Watanabe et al., 2012).
2.2. Terminal models
At terminal arterial segments (arteries which do not bifurcate
further) a terminal element is employed to incorporate the effect
of the corresponding vascular territory. In this work a simple
purely resistive model is considered
pT ¼ RTQT , ð6Þ
where index T denotes a quantity related to the terminal site and
R stands for the terminal resistance. Note that a null reference
pressure has been considered in (6).2.3. Arterial topology and vascular territories
The arterial network considered in the present work has been
set up using anatomical data (Dauber, 2007; Moore et al., 2010;
Netter, 2011). The main 67 arterial segments of the arm, forearm
and hand are present in the model. This anatomically detailed
Fig. 1. Anatomically detailed arterial topology for the arm, forearm and hand. Examples of vascular territories and their corresponding terminal sites.
Table 1
Main data for vascular territories. VT, vascular territory; NT, number of terminals;
AF, area fraction; SF, scaling factor; VF, volume fraction.
VT Source artery NT AF (%) SF VF (%)
A1 Posterior circumﬂex humeral 3 7.16 1.108 7.93
A2 Thoracoacromial (Deltoid branch) 3 5.27 1.108 5.84
A3 Superior ulnar collateral artery 2 10.86 1.108 12.03
A4 Profunda brachial 4 7.73 1.108 8.56
A5 Brachial 6 8.39 1.108 9.30
A6 Radial collateral 2 4.74 1.108 5.25
A7 Inferior ulnar collateral 2 5.93 1.108 6.57
A8 Radial recurrent 2 2.90 1.048 3.04
A9 Radial 5 11.95 1.048 12.52
A10 Ulnar 7 11.30 1.048 11.84
A11 Posterior interosseous 5 3.86 1.048 4.05
A12 Anterior interosseous 3 0.97 1.048 1.02
A13 Dorsal arch and dorsal metacarpal 24 5.84 0.636 3.71
P.J. Blanco et al. / Journal of Biomechanics 45 (2012) 2066–20732068model represents an average topology for the arm concerning
bifurcations and anastomoses at the elbow and wrist. Fig. 1
presents the topology of the arterial network in the arm and a
map of the vascular territories which matches the data given in
Chen et al. (2009). Observe in the same ﬁgure that each vascular
territory collects several terminal arterial segments (see also
Table 1 below).
The values of lumen radii and elastic material properties for
the arterial network of Fig. 1, as well as the criteria used for their
deﬁnition, are reported in Watanabe et al. (2012).
In a patient-speciﬁc (realistic) setting, the data related to the
vascular territories could be obtained using the techniques pre-
sented in Gayzik et al. (2011). There, the characterization of
different anatomical structures is performed combining advanced
image processing methods and CAD tools.A14 Princeps pollicis 9 2.50 0.636 1.59
A15 Common palmar digital 4 1.81 0.636 1.15
A16 Superﬁcial palmar arch 24 8.80 0.636 5.602.4. Inﬂow condition
The most proximal location in the arterial network is the
axillary artery as shown in Fig. 1. At that location the inﬂow
boundary condition Q inðtÞ shown in the same ﬁgure has beenconsidered, with a cardiac period T¼0.8 s. This data was taken
from a 1D model of the entire arterial tree at the same place
(Blanco and Feijo´o, 2012).
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be obtained using standard data acquisition techniques.2.5. Blood ﬂow distribution
We assume that the blood ﬂow to a given vascular territory is
proportional to the volume of such territory. With the vascular
territories deﬁned as in the map of Fig. 1 it is possible to compute
the area fraction of each territory. This area fraction is converted
into a volume fraction through a scaling factor which depends on
the speciﬁc region of the upper limb: (i) arm (territories A1–A7),
(ii) forearm (territories A8–A12) and (iii) hand (territories A13–
A16). The scaling factor is computed using the volume fraction of
these three big groups as reported in Pavol et al. (2002). See
Table 1 for the complete set of data.
Thus, the volume fraction of each territory directly indicates
the blood ﬂow fraction to such territory. Also in Table 1 the main
source artery in each vascular territory is given, as well as the
number of terminal sites that feed each territory, which was
estimated using the data reported in Chen et al. (2009).
We assume that all the terminal sites pertaining to a given
vascular territory have the same peripheral resistance. Let Ri and
Mi, i¼1,y,N, be, respectively, the resistances at vascular terri-
tories and the corresponding number of terminal arterial seg-
ments (see Table 1), where N is the total number of vascular
territories (N¼16 in our case). The peripheral resistance at each
terminal site in each vascular territory is given by
RTi ¼MiRi i¼ 1, . . . ,N: ð7Þ
Once the vascular territory resistances are given, (7) provides a
criterion to compute all terminal resistances in the entire model.2.6. Model validation and veriﬁcation
The validity of the entire model as presented in the previous
sections relies on the following chain of arguments. One-dimen-
sional models have proven to give accurate results when com-
pared with in vitro experiments (Alastruey et al., 2011), in vivo
records (Reymond et al., 2009) and even with three-dimensional
ﬂow simulations (Grinberg et al., 2011). However, observe that a
criterion and an appropriate algorithm to establish the blood ﬂow
distribution is necessary in any modeling approach, and this is the
motivating point for the contribution presented in this work.
The determination of material parameters has been discussed in
Olufsen (1999), and that strategy has been adopted in the present
work. It remains to discuss the validity of the hypothesis through
which the vascular territory volume fraction and blood ﬂow are
related. In Cormack and Lamberty (1986), the authors studied the
relation between vessel diameter and area of territory supplied,
providing a ﬁtting that corresponds to a cubic relation between area
and arterial diameter. Since they considered sheet-like (cutaneous)
tissues, the area and the volume are directly related through a
constant thickness. Therefore, the relation vessel diameter/territory
volume can be established. Applying the Murray’s law at this level,
which is valid since that study is concerned with the arterioles/
capillary network, yields a linear dependence between the vascular
territory volume and blood ﬂow.
Evidently, patient-speciﬁc analyses are necessary to assess the
effectiveness of the entire modeling pipeline, and a possible start-
up would be to combine the current model with detailed patient-
speciﬁc data as reported in Gayzik et al. (2011). Nevertheless, the
above chain of reasoning provides a strong argument towards the
use of the present modeling approach.3. Mathematical formulation
3.1. Parameter identiﬁcation problem (PIP)
Let ðQ 1, . . . ,QNÞ be the set of data representing the blood
supplied to each vascular territory averaged in time over a cardiac
cycle. Hereafter ðÞ is a notation for quantities averaged over a
cardiac cycle. The PIP formulation reads: given ðQ 1, . . . ,QNÞ, ﬁnd
ðR1, . . . ,RNÞ such that
Q i ¼QiðR1, . . . ,RNÞ i¼ 1, . . . ,N, ð8Þ
where Q i is the abstract operator that represents the average ﬂow
rate at vascular territory i which is obtained after solving problem
(1)–(5) with inﬂow boundary condition Q inðtÞ (see Fig. 1) and
outﬂow boundary conditions given by (6), where terminal resis-
tances are related to vascular territory resistances ðR1, . . . ,RNÞ
through (7).
However, the problem written like this is not well-posed. Since
we are imposing Q inðtÞ, and therefore its mean value, one
equation is over-determining the system, while the pressure is
not deﬁned. To have the problem well-posed we consider that the
mean pressure at the most proximal location in the arterial tree
P in is given, being P in ¼ 100 mmHg. Hence, (8) turns into the ﬁnal
form of the PIP formulation: given ðQ 2, . . . ,QNÞ and P in, ﬁnd
ðR1, . . . ,RNÞ such that
P in ¼P inðR1, . . . ,RNÞ,
Q i ¼QiðR1, . . . ,RNÞ i¼ 2, . . . ,N, ð9Þ
where P in denotes the relation between the average pressure over
a cardiac cycle at the inlet in the axillary artery and the vascular
territory resistances.
Collecting the data D¼ ðP in,Q 2, . . . ,QNÞ, and the unknowns
R¼ ðR1, . . . ,RNÞ, this problem reads: given D, ﬁnd R such that
D¼MðRÞ, ð10Þ
whereM stands for the model operator (since it implies solving
the 1D problem as explained before), that is a vector notation for
operators ðP in,Q2, . . . ,QNÞ.
Summarizing, this model operatorM is the non-linear opera-
tor which, for a given set of resistances R, amounts to computing,
using a given numerical scheme, the average quantities P in and
Q i, i¼2,y, N, which are obtained after solving Eqs. (1)–(5) with
inﬂow condition Q inðtÞ and outﬂow boundary conditions given by
(6), considering that the terminal resistances depend on the
vascular territory resistances R through (7).
Hereafter, for R solution of (10), the set of pairs ðRi,Q iðRÞÞ, i¼1,
y, N, is called the PIP solution.
Remark 1. Solving problem (10) is not a trivial task due to the
difﬁculty in dealing with the model operatorM, posing the need
for a numerical procedure.
Remark 2. Eq. (10) may not have a solution in cases in which the
terminal resistances are comparable to resistances of arterial
vessels. In fact, consider the case in which one demands an
exaggerated blood ﬂow to a given vascular territory. Even putting
to zero the resistance of that territory, and increasing the rest of
the resistances we may not have the desired ﬂow because of the
large resistance of the vessels of the network. The conditions that
determine this lack of solution are strongly network-dependent,
and can be a matter of further research in each speciﬁc case.
Remark 3. The model operator M in (10) amounts to solving
problem (1)–(5) with given inﬂow and outﬂow boundary con-
ditions, and then averaging some quantities over the cardiac
cycle. In other contexts it could represent a system of ordinary
P.J. Blanco et al. / Journal of Biomechanics 45 (2012) 2066–20732070differential equations (0D model), the set of Navier–Stokes
equations (3D models), variants involving heterogeneous coupled
systems (3D–1D–0D models), etc.Table 2
Resistances and blood ﬂow distribution in the simple analytical approach (SAA
solution) and after solving the parameter identiﬁcation problem (PIP solution).
Errors in these quantities in the SAA solution are computed taking the PIP solution
as reference. Lumen radii of source arteries are denoted by rsa and measured in
cm.3.2. Simple analytical approach (SAA)
Consider the following simplifying hypotheses: (i) null blood
viscosity (m¼ 0 in (2)) and (ii) a stationary inﬂow condition
Q in ¼
PN
i ¼ 1 Q i (where the data are provided in Table 1). For the
same data Dwe have now the following problem: given D, ﬁnd Ra
such that
D¼MaðRaÞ, ð11Þ
where Ma is the simple model operator in this hypothetical
scenario. Problem (11) admits an analytical solution because the
drop pressure is exclusively governed by the terminal resistances,
which is
Ra ¼ ðRa1, . . . ,RaNÞ ¼
P in
Q 1
, . . . ,
P in
QN
 !
: ð12Þ
Clearly, putting Ra in (10) leads to a residual, that is DaMðRaÞ.
From now on, the set of pairs ðRai ,Q iðRaÞÞ, i¼1,y, N, is called the
SAA solution.VT rsa SAA solution PIP solution
Q iðRaÞ eQ i (%) Rai eRi (%) Q iðRÞ Ri
A1 0.1062 0.3535 5.30 365,638 6.79 0.3359 392,273
A2 0.1000 0.2601 5.26 496,897 6.78 0.2471 533,038
A3 0.0657 0.5022 1.40 241,047 0.50 0.5093 242,247
A4 0.0582 0.3554 1.96 338,648 0.35 0.3625 337,453
A5 0.2077 0.4126 4.82 311,876 6.36 0.3936 333,050
A6 0.0462 0.1993 10.29 552,667 10.55 0.2221 499,912
A7 0.0539 0.2817 1.36 441,714 3.26 0.2779 456,603
A8 0.0756 0.1319 2.45 953,293 4.21 0.1288 995,174
A9 0.1378 0.5408 2.13 231,850 3.93 0.5296 241,323
A10 0.1408 0.5117 2.05 244,886 3.85 0.5013 254,6863.3. Numerical algorithm
The numerical procedure to solve the system of N non-linear
Eq. (10) is based on the Broyden method. Let R0 ¼ ðR01, . . . ,R0NÞ be
an initial guess, and also write (10) in residual form
rðÞ ¼DMðÞ: ð13Þ
Then, the algorithm reads:
Algorithm 1. Broyden’s algorithm.
A11 0.0676 0.1685 1.72 715,956 0.10 0.1715 716,671A12 0.0254 0.0391 9.83 2,830,497 10.02 0.0434 2,572,6821. Given R0 and B0 do
A13 0.0290 0.1325 15.71 780,861 20.17 0.1572 649,817
A14 0.0728 0.0675 0.08 1,818,347 1.80 0.0675 1,851,707
2. Compute r0 ¼ rðR0ÞA15 0.0657 0.0487 0.14 2,518,955 1.72 0.0487 2,562,9443.
A16 0.1083 0.2279 3.86 517,913 2.17 0.2370 506,937For j¼ 0;1, . . . until
JrjJ
Jr0J
re do4. wj ¼ðBjÞ1rj
5. Rjþ1 ¼RjþwjTable 36. rjþ1 ¼ rðRjþ1Þ
Average and maximum errors in ﬂow rate and pressure through a cardiac cycle.Most affected vascular territories are in bold.7. B
jþ1 ¼ Bjþr
jþ1ðwjÞT
ðwjÞTwjSource artery Average errors Maximum errors8. EnddoeQ (%) eP (%) e
max
Q (%) e
max
P (%)
Posterior circumﬂex humeral 5.28 1.86 7.38 1.98
Thoracoacromial (Deltoid branch) 5.24 1.89 7.36 2.05
Superior ulnar collateral artery 1.40 1.89 2.36 1.97
Profunda brachial 5.73 1.57 7.10 1.68
Brachial 0.90 1.85 2.19 1.93
Radial collateral 8.90 1.23 11.41 1.39
Inferior ulnar collateral 0.70 1.96 2.33 2.03
Radial recurrent 3.98 1.86 4.71 1.94
Radial 2.06 1.88 4.17 2.04
Ulnar 2.12 1.88 4.18 2.04
Posterior interosseous 3.06 1.83 4.12 4.12
Anterior interosseous 9.00 1.25 13.43 1.42
Dorsal arch and dorsal metacarpal 13.86 0.97 21.20 1.20
Princeps pollicis 0.79 1.86 2.34 2.08
Common palmar digital 3.31 1.86 3.88 2.07
Superﬁcial palmar arch 3.41 1.86 4.24 2.07In Broyden’s algorithm, B0 is an initial matrix which, in our case,
corresponds to the Jacobian of system (10) computed through
ﬁnite differences, that is
ðB0Þ1j ¼
P inðR0j þdR0j ,ÞP inðR0j ,Þ
dR0j
j¼ 1, . . . ,N, ð14Þ
ðB0Þij ¼
QiðR0j þdR0j ,ÞQ iðR0j ,Þ
dR0j
i¼ 2, . . . ,N j¼ 1, . . . ,N: ð15Þ
with dR0j ¼ tR0j and t¼ 0:01.
The initial guess considered in this work is the SAA solution
presented in (12), that is R0 ¼ Ra.4. Results
Hereafter units for pressure and ﬂow rate are dyn/cm2 and cm3/s,
respectively. Therefore, resistance is measured in dyn s/cm5. These
units are omitted for the sake of brevity in the notation.
Operators P in and Qi, i¼2, y, N in (9) entail computing the
average pressure and ﬂow, respectively, for a given set of
resistances. This computation has to be carried out after the
periodic state was reached for such set of resistances. To ensure
this, at each iteration of Broyden’s iterative algorithm six cardiac
cycles are simulated, and the average quantities are computed in
the last cardiac cycle.
In Fig. 1 the shape of the inﬂow condition is shown, for which
we have Q in ¼ ð1=TÞ
R
TQ inðtÞt: ¼ 4:23342.
The convergence tolerance in the iterative algorithm is set to
e¼ 1 106, and the number of iterations to reach convergence
was 6. At each iteration the calculation was performed in a single
computer node running at 3.33 GHz, and the computational time
P.J. Blanco et al. / Journal of Biomechanics 45 (2012) 2066–2073 2071of each iteration was approximately 24 min (recalling that this
implies solving six cardiac cycles). Reduction of this computa-
tional cost when solving larger networks is a matter of current
research using the parallel computing paradigm.4.1. Resistance identiﬁcation
Table 2 shows the identiﬁed vascular territory resistances
using the algorithm described in the previous section. Also, the
blood ﬂow distribution, which equals the data D is presented.
Also in Table 2 the difference in the value of the vascular
territory resistances, calculated as eRi ¼ ðJRiRai J=RiÞ, i¼1, y, N,
and the discrepancy in the vascular territory blood ﬂows, given by
eQ i ¼ ðJQ iðRÞQ iðR
aÞJ=Q iðRÞÞ, i¼1,y, N, are presented. The error
in the blood ﬂow distribution reaches 16% when Ra is employedFig. 2. Blood ﬂow at different locations in the arterialas an approximate solution to (10) and no identiﬁcation is
performed. The error in the values of the resistances is up to
20%. Furthermore, notice that the pattern of the error in the
resistances indicates that an ad hoc solution is not a trivial task,
which motivates the need for the identiﬁcation problem.
The main differences between the PIP and the SAA solutions
are seen in vascular regions in which the corresponding source
artery has small diameters. For instance, in the vascular territories
A6, A12 and A13, in which errors in the vascular territory blood
ﬂow reach values around 10%, the source arteries have lumen
radii less than 0.5 mm. This implies that the drop pressure due to
viscous effects in these source arteries is not negligible, when
compared to the corresponding vascular territory resistances.
Nevertheless, in view of the complex topology of this arterial
network it is hard to establish a general and precise relations
between source artery diameters and errors.tree for the SAA solution and for the PIP solution.
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Now we take speciﬁc points in the source arteries of each
vascular territory and compute the average and maximum errors
in ﬂow rate and pressure through the cardiac cycle at those
points. These errors are shown in Table 3, and display the
difference between quantities when comparing the SAA solution
with the PIP solution. It can be noticed that errors in the pressure
are not signiﬁcant in all reported arteries. Contrariwise, the blood
ﬂow supply differs greatly in vascular territories A1, A2, A4, A6,
A12 and A13.
In addition, Fig. 2 presents the blood ﬂow at different source
arteries throughout the arterial network given by the model when
using the sets of territory resistances Ra and R. There three cases
with an impact on the blood ﬂow and three cases in which results
are almost indistinguishable are featured. Observe that the error
in the blood ﬂow is far from being a constant shift in the curves,
as a result of the non-linear impedances of arterial vessels.
From Fig. 2 it can also be seen that the most important
differences appear in secondary arteries, with errors up to 20%,
while in primary arteries (right column in such ﬁgure) differences
are below 4%.4.3. Hypertension and hypotension scenarios
In this section we analyze the sensitivity in the errors reported
in Table 2 between the PIP and the SAA to changes in the pressure
data P in at the inﬂow point. Two abnormal situations are
considered: hypertension (P in ¼ 130 mm Hg) and hypotension
(P in ¼ 70 mm Hg). Table 4 presents the errors for the different
vascular territories and the relative value of the computed
resistances in the abnormal scenarios with respect to the resis-
tances in the normal case. These ratios are, respectively, deﬁned
as f hyperi ¼ Rhyperi =Ri and f
hypo
i ¼ Rhypoi =Ri, i¼1,y, N.
As expected, the errors behave in a complex non-linear
manner, although the general trend is that the errors tend to
increase when P in decreases. In fact, in the hypertension scenario
the errors decrease because the drop pressure in the arterial
vessels is relatively smaller than the drop pressure in the vascular
territories. In contrast, in the hypotension scenario the errors
increase because the drop pressure in the vascular territories is
relatively more similar to the one in the arterial vessels, and as aTable 4
Errors in ﬂow rate and resistances when comparing the PIP and the SAA solutions
for normal and abnormal cardiovascular scenarios and relative value of resistances
in abnormal cases with respect to the normal condition.
VT Hypertension
P in ¼ 130 mmHg
Normotension
P in ¼ 100 mmHg
Hypotension
P in ¼ 70 mmHg
f hyperi
eQ i (%) eRhyperi
(%) eQ i (%) eRi (%) f
hypo
i (%)
eQ i (%) eRhypoi
(%)
A1 1.3050 3.57 1.73 5.30 6.79 0.6939 8.32 9.86
A2 1.3053 3.51 1.74 5.26 6.78 0.6952 8.35 10.02
A3 1.3303 1.01 2.92 1.40 0.50 0.6696 2.17 0.28
A4 1.3324 1.53 3.63 1.96 0.35 0.6677 2.70 0.86
A5 1.3084 3.33 1.53 4.82 6.36 0.6914 7.38 9.12
A6 1.3700 7.49 11.03 10.29 10.55 0.6300 14.98 17.76
A7 1.3208 1.00 0.78 1.36 3.26 0.6790 1.89 4.40
A8 1.3182 1.82 0.02 2.45 4.21 0.6816 3.47 5.69
A9 1.3204 1.70 0.11 2.13 3.93 0.6795 2.82 5.12
A10 1.3208 1.65 0.16 2.05 3.85 0.6791 2.69 4.99
A11 1.3337 1.09 3.06 1.72 0.10 0.6663 2.88 0.61
A12 1.3705 7.01 10.45 9.83 10.02 0.6297 14.51 17.25
A13 1.4050 11.58 17.68 15.71 20.17 0.5975 22.16 34.95
A14 1.3295 0.23 1.62 0.08 1.80 0.6708 0.66 1.77
A15 1.3299 0.20 1.68 0.14 1.72 0.6702 0.76 1.60
A16 1.3436 2.49 4.62 3.86 2.17 0.6568 6.23 4.38consequence the ﬂow distribution is more affected. In conclusion,
the smaller the value of the mean pressure P in, the more different
the solutions delivered by the PIP and the SAA, and viceversa.
Moreover, it is not possible to quantify in a simple way the
variation of the relative values of the resistances in the hyperten-
sive and hypotensive cases with respect to the normotensive case
(Table 4, f hyperi and f
hypo
i , respectively). This strengthens the need
for an identiﬁcation problem like the one proposed in this work.5. Conclusions
In this work a strategy to perform the identiﬁcation of vascular
territory resistances in hemodynamics simulations has been
presented. Speciﬁcally, given the blood ﬂow distribution in a
detailed model of the arterial network of the arm, the mathema-
tical problem and the corresponding numerical approach, based
on Broyden’s method, have been formulated in order to ﬁnd the
set of vascular territory resistances which render the desired ﬂow
to the different peripheral regions. The importance of the identi-
ﬁcation problem has been evidenced, without which errors in
ﬂow distribution to vascular territories are up to 16%. In terms of
blood ﬂow in speciﬁc vessels, errors up to 4% occur in primary
arteries, while errors grow up to 20% in secondary arteries. The
identiﬁcation of vascular territory resistances makes possible a
proper calibration of blood ﬂow models even in large arterial
networks and in normal or altered cardiovascular scenarios, in
order to perform more accurate hemodynamics simulations. This
approach is general and can be applied to other network topol-
ogies and ﬂow distributions in a wide range of normal or altered
cardiovascular conditions. Computational assessment of surgical
procedures such as radial harvesting or other reconstructive
procedures can be highly beneﬁted from the proposed strategy.Conﬂict of interest statement
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